Mitochondrial DNA (mtDNA) of soybean ( Glycine max L.) was isolated and its buoyant density was contrasted with that of nuclear (nDNA) and chloroplast (ctDNA) DNA. Each of the three DNAs banded at a single, characteristic buoyant density when centrifuged to equilibrium in a CsCI gradient. Buoyant densities were 1.694 g/cm1 for nDNA and 1.706 g/cm ' for mtDNA. These values correspond to G-C contents of 34.7 and 46.9%, respectively. Covalently closed, circular mtDNA molecules were isolated from soybean hypocotyls by ethidium bromide-cesium chloride density gradient centrifugation. Considerable variation in mtDNA circle size was observed by electron microscopy. There were seven apparent size classes with mean lengths of 5.9 psm (class 1), 10 pum (class 2), 12.9 pum (class 3), 16.6 pm (class 4), 20.4 jum (class 5), 24.5 p,m (class 6), and 29.9 pm (class 7). In addition, minicircles were observed in all preparations. Partially denatured, circular mtDNA molecules with at least one representative from six of the seven observed size classes were mapped. In class 4, there appear to be at least three distinct denaturation patterns, indicating heterogeneity within this class. It is proposed that the mitochondrial genome of soybean is distributed among the different size circular molecules, several copies of the genome are contained within these classes and that the majority of the various size molecules may be a result of recombination events between circular molecules.
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Mitochondrial DNA from a number of higher plant sources (14) has been isolated. The buoyant density in neutral CsCl of plant mtDNA is approximately 1.706 g/cm:', suggesting a conserved base ratio for mtDNA of higher plants (22, 26) . This also appears to be the case with ctDNAs from higher plants in which buoyant densities of approximately 1.697 g/cm: have consistently been found (26) . Mitochondrial DNAs from animal sources appear to exist as circular molecules of 4 to 6 ,um in size (19) . A circular conformation has also been observed by electron microscopy in mtDNA from yeast (17) and Neurospora (1) . In higher plants, circular mtDNAs of approximately 30 ,um in length have been observed by Kolodner and Tewari (14) in pea, spinach, lettuce, and bean. By means of renaturation kinetics, the kinetic complexity of pea mtDNA has been estimated to be approximately 74 x 106 daltons (14) , while potato mtDNA gave a larger value of approximately 100 x 106 daltons (25) . In all cases, no extensively repeated segments of DNA were observed.
In this study, soybean mtDNA from 4-day hypocotyls was isolated and distinguished from nDNA and ctDNA by its characteristic buoyant density. Mitochondrial DNA was isolated as a supercoiled molecule by the dye buoyant density method (20) 50 ,ug/ml of DNase I for I hr on ice. Subsequently, 100 ml of medium C, containing 0.15 M NaCI-0.1 M EDTA (pH 8), was added to the mixture which was then centrifuged at 17,300g for 10 min. The resulting pellet was washed twice with 100 ml of medium C, resuspended in 10 ml of buffer containing 0.1 M Tris-HCI-EDTA (pH 8), lysed with N-lauroyl sarcosine added to a final concentration of 0.5%, and the lysed mitochondria extracted twice with equal volumes of phenol saturated with 0.1 M Tris (pH 12). The mtDNA was alcohol-precipitated by placing in a freezer for 48 hr. The precipitate was collected by centrifugation and dissolved in 2 ml of medium A. The mtDNA was then incubated at 37 C for I hr with 50 ,ug/ml of RNase, extracted twice with phenol, and dialyzed against 0.01 M Tris-HCI (pH 8) for 48 hr with five changes of I liter each.
Chloroplast DNA was isolated from approximately 600 g of 14-to 21-day-old leaves. These leaves were homogenized in 4 volumes of buffer (medium A) in a Waring Blendor and filtered through four layers of cheesecloth. The filtrate was centrifuged twice at IOOg for 10 min to remove nuclei and debris and the crude chloroplast fraction pelleted by centrifugation at l,020g for 15 min. Subsequently, the chloroplast fraction was treated as described above for mitochondria except that the pelleting of chloroplasts was accomplished by centrifugation at l,020g for 15 min.
DNA buoyant density was determined by analytical density gradient centrifugation in neutral CsCl with a Spinco model E analytical ultracentrifuge equipped with UV optics. Densitometer tracings were made with a Gescan automatic recording and integrating scanner. Micrococcus luteus DNA of density 1.7310 g/cm1 was used as a marker. Calculations of buoyant density measurements have been described by Mandel et al. (18) .
Isolation of mtDNA for Electron Microscopy. Mitochondrial DNA was isolated as for buoyant densities as previously described. However, the lysate was immediately placed on an ethidium bromide-cesium chloride gradient and centrifuged for 24 hr at 44,000 rpm in a 65-type rotor at 20 C. The lower band which contained supercoiled molecules was added to a second ethidium bromide-cesium chloride gradient and recentrifuged for an additional 24 hr. The mtDNA was removed from the gradient with a wide mouth pipette and allowed to sit for approximately I hr in the refrigerator before being mounted by the method of Kleinschmidt (13) for microscopy. The lower band from samples in which the mitochondria had not previously been treated with DNase I was also examined. The spreading of mtDNA for electron microscopy was done at 24 C with the protein monolayer picked up on parlodion-coated 200-mesh grids. Grids were stained with uranyl acetate (6) (Fig. 4) (Fig. 5) , measured, and arbitrarily linearized. It has been shown that contour length decreases as DNA undergoes denaturation (9) . Therefore, molecules were adjusted for the degree of denaturation according to the relationship between denaturation and contour length developed by Kolodner and Tewari (16) . Circular molecules within each size class were also adjusted to the mean of that class and aligned for optimal fit (Fig. 6) . In class 4 (X =-16.6 ,um), a number of different denaturation patterns appear to exist, suggesting that these molecules have different nucleotide sequence arrangements. If 
Kolodner and Tewari (14) reported that the mtDNAs of pea as well as spinach, lettuce, and bean could be isolated in a circular conformation with a contour length of 30 ,um. Apparently, no variation in circle size was observed which is contrary to our results with soybean mtDNA. The 30-,um class is represented in our data; however, several smaller classes of circular molecules were also found in our preparations. The possibility of contaminating circular DNA molecules from bacterial sources or chloroplasts can be excluded for a number of reasons. Soybean ctDNA can be rejected because of its characteristic buoyant density, and its uniform 40-,um size (Synenki, unpublished data). A bacterial source can be rejected since there is no evidence to suggest the presence of the necessary large amounts of bacterial contamination and its absence from ctDNA. Kolodner and Tewari did observe linear molecules which were similar in length to several of our smaller classes of circular molecules. These linears may in fact have been the result of a break in the double helix of circular molecules of smaller size rather than fragments from the 30-,um circles. These different size molecules were probably not produced during the isolation procedures, since the generation of different size circular molecules after lysis of the mitochondria would require ligation and conversion to the supercoiled conformation prior to dye-buoyant density gradient centrifugation.
Several mechanisms could account for the heterogeneity observed in soybean mtDNA. Amplification of specific DNA sequences may occur, as during oogenesis in amphibian oocytes when DNA coding for ribosomal RNA undergoes extensive amplification. Concurrent with this amplification is an oligomeric series of circular molecules which is a result of this amplification process (I1). However, there appears to be no oligomeric series and amplification analogous to this situation occurring in soybean mtDNA. The size distribution pattern of mtDNA molecules does not fit an oligomeric series and denaturation patterns do not show any evidence for repeated segments nor similarities which would place molecules of different classes in one or several series.
During the replication of pea ctDNA, dimers which are approximately 80 ,um in length may be produced. These have been identified through denaturation mapping to be arranged in a head to tail fashion (16) . Several of the larger size molecules of our data might be proposed to be multimeric forms of smaller molecules. Such a situation may exist with the 20.4-,tm class since the denaturation pattern of the molecule in that class may be interpreted as being a dimer of the 10-,um The significance of minicircles in soybean is unknown. Minicircles have previously been observed in a variety of eucaryotes (14, 23, 24, 28) and in most cases, are heterogeneous in size. Only in yeast, where oligomycin resistance appears to be due to the presence of a 2.2-,um molecule, has a function been shown to be associated with minicircles (8) . This yeast minicircle also has been shown to contain two inverted repeats of the same sequence (7, 10) , similar to transposable elements in bacterial systems. It has been suggested that this sequence organization may enable insertion of DNA at random sites in the genome. Similarly, the soybean minicircles may function in some recombinational capacity.
